Development and characterization of a simple microfluidic electrochemical flow cell that can be coupled with HPLC to enable dual absorbance/electrochemical detection is described.
Introduction
Exposure to airborne environmental pollutants is a major worldwide health problem, listed as the 9 th leading cause of morbidity and mortality in 2010 by the World Health Organization (WHO). 1 Common air pollutants include both molecular species and particulate matter.
Reactive oxygen species (ROS) are present in and/or can be generated by aromatic compounds and transition metals found in particulate matter. ROS include H 2 O 2 , · OH, RO 2 · , O 2
·-
, and NO and are frequently monitored in air pollution due to their health effects.
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Among the ROS, hydroxyl free radical ( · OH, HFR) is particularly concerning because it reacts with DNA, membrane lipids, proteins, and carbohydrates and can lead to arthritis, cancer, cardiovascular disorders, stroke, and neurodegenerative diseases such as Alzheimer's and Parkinson's. [7] [8] [9] Measuring radical generation ability in PM is challenging because radicals are short lived and are often present in low abundance. One approach for measuring · OH generation from PM is through radical trapping agents like salicylic acid. Salicylic acid reacts with · OH to produce dihydroxybenzoic acid (DHBA) isomers that can be quantified using separation techniques such as high performance liquid chromatography (HPLC) [9] [10] [11] [12] [13] [14] [15] [16] [17] or capillary electrophoresis (CE) coupled with either UV or electrochemical detection (ECD). [18] [19] Adding ECD to a HPLC-UV system results in a dual-detection system with more selectivity and specificity than either detection technique can provide alone.
HPLC is a common separation technique that has been used to analyze a wide range of organic and inorganic compounds. The most popular detectors used for HPLC separations are absorbance, fluorescence, refractive index, and conductivity detectors. 20 For electrochemically active compounds, ECD is useful because of its sensitivity and selectivity. [21] [22] ECD can readily detect many molecular targets including phenols, aromatic amines, 21 glutathione, 22 reducing sugars, 23 antioxidants 24, 25 and thiols 26 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript parameters of the welding fume samples were optimized, and a recovery study of the welding fume samples was performed using the dual-detection system.
Experimental

Chemicals
All chemicals used in this study were analytical reagent grade and are given in the following Inc., Germany). 
Microfluidic mold fabrication
Electrode platform construction and assembly of the coupled HPLC-UV/ECD system
The electrodes were made from a three-channel pattern with channel dimensions of 500 µm width, 50 µm depth, and 3.5 cm length that were subsequently filled with electrode material. 2, 26 The channels were made by mixing PDMS at a ratio of 10:1 (w/w) of PDMS oligomer: cross linker followed by degassing with a vacuum pump (Vacuubrand, Germany) in a vacuum desiccator. The mixed PDMS was poured on the center of the mold surface 
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slowly to prevent the addition of air bubbles and then baked at 80 °C for 30 min. The electrode material was prepared as previously described by mixing PDMS and heavy mineral oil in a 1:1 ratio and then the binding material was mixed with graphite powder to get the final carbon paste electrode material. The electrode paste was spread into the PDMS channels and excess carbon paste removed using Scotch tape. The electrodes were baked at 65 °C for 30 min. The electrode channels were refilled with carbon paste using the same procedure as stated above and then baked at 120 °C for 1 hr. Repeating this step improved electrode conductivity and thus the performance. The flow channels were fabricated using PDMS with the same procedure as described above. The flow channels had different dimensions of 12.5, 25, and 50 µm depths or 125, 250, 500 and 750 µm widths, and were all a length of 3.5 cm.
The electrodes were exposed to air plasma at 150 W for 5 min. The flow channel and electrode layer were placed in 18-W plasma (PDC-32G Harrick, U.S.A.) for 20 s and then irreversibly sealed together by bringing the layers into conformal contact. Wires were connected to all electrodes using silver paint followed by covering the connections with epoxy to increase structural stability. A complete microfluidic electrode platform that can be coupled with the HPLC-UV system is shown in Fig. 1 . To make the connection between the HPLC UV detector and the ECD microchip, a 200 mm length of 0.0625 in PEEK tubing was inserted into a 1 mm hole made in the ECD via a tissue biopsy punch. Once the tubing was in place, the connection was reinforced by adding uncured PDMS to the opening. Once cured, this created an impermeable seal that prevented leakage around the tubing. Analytical Methods Accepted Manuscript and ease of connection to the HPLC control computer. All compounds were detected first by UV absorbance and then amperometry.
Application of the dual-detection system
In this work, Fenton chemistry was used to generate .
OH followed by trapping it using salicylic acid. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In the first step in Reaction 1, Fe(II) or a similar transition metal present in welding fume reacts with added H 2 O 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The resulting · OH reacts with salicylic acid to produce three products 9, [16] [17] [18] , shown schematically in Reaction 2. In these experiments 42% catechol, 24.5% 2,5-DHBA, and 33.5% 2,3-DHBA was generated.
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We elected to study this reaction because of our ongoing interest in measuring the oxidative load associated with aerosol exposure. The reaction is well suited for dual absorbance and electrochemical detection given the high oxidation potential of salicylic acid (>800 mV)
versus that of the reaction products (300 mV). Combining both detection methods allows us to follow both product formation and reagent consumption simultaneously. Gradient elution was performed using a binary solvent system (modified from E. DiStefano et. al.) 17 of 25 mM, pH 3.5 citrate buffer (solvent A) and acetonitrile (CH 3 CN, ACN solvent B). For separation, a linear gradient from 5% (t = 0 min) to 50% (t = 5 min) ACN was used, followed by 50% ACN for 1 min. The column was re-equilibrated in 5% ACN for 10 min between each run. The optimal detection potential was determined using hydrodynamic voltammetry.
When dual detectors were used, UV detection was performed at 280 nm and amperometric detection at +800 mV (vs carbon paste pseudo-reference electrode). The elution time of each compound, the effect of applied potential on signal-to-noise ratio (S/N), linear range, and calibration curves for each of the Fenton reaction products were investigated using the dualdetection setup. The separation and detection of an additional reducing compound, ascorbic acid (AA), was also studied as it is commonly used with . OH generation studies. 17 The AA is 
Results and discussion
Optimization of separation and detection conditions
An optimal elution program was determined by injecting a mixture of ascorbic acid, 2,5-DHBA, 2,3-DHBA, catechol and salicylic acid (500 µM each). Isocratic elution was tested first using 5, 7.5 and 10% ACN, respectively. As expected, the elution time and resolution decreased with increasing ACN. Unfortunately, an optimized isocratic elution gave long separation times and significant peak tailing for salicylic acid (>20 min with 5% ACN isocratic elution). Therefore, a gradient elution was used for the separation. The optimal gradient started at 5% ACN and linearly increasing to 50% B within 5 min, held constant for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript 1 min before decreasing to 5% B in 1 min and held constant for 3 min using 10 min total running time. Using the optimized gradient elution, a baseline-resolved separation was possible in under 10 min. Fig. 2 shows the elution order and dual-detection results obtained using the optimized gradient. The cause of the peak width increase for the ECD is unknown but is likely a combination of dead volume at the chip interface and differences in tubing diameters between the UV and ECD detectors. In Fig. 2 , there is not a peak for salicylic acid in the ECD since salicylic acid is not detected at the potential used in these experiments. The differences in relative sensitivities between the two methods is also noteworthy and exhibits one of the advantages of the dual-detection approach.
Next, the S/N for electrochemical detection was investigated as a function of applied potential (Fig. 3) . From these results, the highest S/N ratio for all analytes except salicylic acid was in the range of 700-800 mV against a carbon paste pseudo-reference electrode.
Higher applied potentials produced higher noise, thereby decreasing the S/N (Fig. 3 A) . We selected 800 mV for amperometric detection to obtain the highest sensitivity for all of the analytes studied. Salicylic acid requires a basic medium to be electrochemically active, and therefore is not detectable under our conditions. [40] [41] [42] 
Device optimization
The effect of channel width and depth was also investigated. The results are shown in Fig. 4 and 5. In agreement with the Levich equation, better device sensitivity was obtained by increasing channel width or decreasing channel depth for all compounds, likely from an increase in the number of molecules in contact with the electrode surface. 43 Wider channels have a larger surface area for electrode contact and decrease the linear solution velocity (increasing residence time), and shallower channels decrease the average molecular diffusion distance to the electrode. The chromatographic separation efficiency, reported as plate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript 
Analytical performance study
After determining the optimal conditions for the microfluidic electrochemical detector, we found that amperometric detection provided a slightly improved sensitivity relative to UV detection for the key components of the mixture. The results in Table 1 show the amperometric detector was able to measure the signal at the lowest concentration of 0.25 µM of catechol and both DHBA species, while UV absorbance was 0.50 µM. Conversely, UV detection gave a wider linear range for all compounds. We also investigated the theoretical detection limit 45 of all analytes by measuring peak height at 0.50 µM all analytes from chromatogram by 10 replicates, three times of the standard deviation was divided by slope (3SD/Slope) from its calibration curve to obtain the limit of detection (LOD) while 10SD/Slope was used for calculating the limit of quantification (LOQ) from both UV absorption and amperometric signals (Table 1) . For reproducibility, the relative standard deviation (%RSD) was calculated for 10 injections at 0.50 µM all analytes. It was found that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript both reproducibility and detection limits of all compounds obtained from ECD were better than the UV detector. The improvements gained by the ECD can be attributed to the baseline drift of the UV signal caused by the gradient elution (See Fig. 2B ). The elution gradient did not cause a baseline drift in the electrochemical detector allowing it to achieve better performance metrics for this application. The S/N ratio for the ECD system increased as the exposed electrode area was increased as can be seen in Figure 4 . The ECD could be used for >300 sample injections without cleaning before detrimental signal loss from electrode fouling was observed. Table 1 The results of linearity, LOD, LOQ and reproducibility study using dual detectors. OH generated by Fenton chemistry. For real sample analysis, laboratory generated welding fumes were generated using an electrode-arc generator. The welding sample extract without ascorbic acid did not generate peaks for catechol, 2,3-or 2,5-DHBA. However, peaks did appear when 500 µM ascorbic acid was added to the reaction mixture, suggesting the metal content was already completely oxidized (predominately Fe(III)), and thus not reactive towards H 2 O 2 . The effect of extraction volume on extraction efficiency was also investigated ( Table 2 ). The results showed that decreasing extraction volume increased current signal due to reduced dilution, while the signal of ascorbic acid also decreased simultaneously. The consumption of ascorbic acid had a linear relationship with the concentration of Fe(II). These results indicate that 500 µL DI water was optimal for sample extraction. Volumes of less than 500 µL were not tested because of the need to fully wet the filter membrane for extraction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript 
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Conclusions
The custom-built ECD described here provides desirable characteristics including high sensitivity, high reproducibility, and ease of integration into commercial HPLC systems. The dimensions of the microfluidic channel over the electrodes can be quickly and inexpensively changed for different applications. For the molecules in this study it was seen that the custom microfluidic ECD was more sensitive and had a higher reproducibility than the commercial UV detector on the HPLC system. Potential advantages of the dual-detection system include rapid peak identification, peak deconvolution, and rapid detector validation. In addition, further improvements in the detector design and electrode composition should make the ECD more sensitive than existing UV detectors for HPLC. This proposed system can be applied 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript for confirming the peak position in the same run between both detectors in case of complicated sample analysis. For some applications, we can use amperometry instead of UV absorption if an electrochemically inactive species is unable to completely separate from other electrochemically active compounds. Furthermore, multiple microfluidic ECDs can be connected in series and different potentials can be applied to each set of electrodes for analyzing both oxidizable and reducible compounds in a single injection. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analytical Methods Accepted Manuscript
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